Web angle connections are usually categorized as a type of pinned connection whose moment resisting capacity is assumed negligible. Hence, there is a lack of experimental data in regard to the moment-rotation behavior of this type of connection. Experimental databases for top-and-seat angle connections are more readily available in the literature. However, experimental tests of nominally identical connections are very limited. Also, most experimental studies on steel connections focus on the elastic behavior up to the yield point. This paper presents 36 experimental tests on the full-range actiondeformation behavior of top-and-seat angle connections (18 tests) and web angle connections (18 tests). The joints were subjected to three loading conditions, i.e. bending only, combined bending and compression, and combined bending and tension. To investigate the full-range joint behavior, tests were conducted well into the post-ultimate range to complete failure including fracture. Nominally identical tests were conducted to investigate the uncertainties in joint properties, providing statistical models for joint properties and behavior. The full-range action-deformation test results for each group of tests are reported in this paper. A digital image correlation (DIC) system was used to monitor the deformation of critical components. Images captured during experiments were processed using Dantec software to generate the time-based deformation indices, which can be used to calibrate/validate finite element (FE) models. By comparing the experimental ultimate moment capacity and the design moment capacity based on Eurocode 3, it was found that the moment resisting capacities of top-and-seat angle connections are underestimated in Eurocode 3. The test results also indicate that the moment capacity of web angle connection is non-negligible.
INTRODUCTION
Numerous experimental investigations have been reported investigating the behaviour of the top-and-seat angle connection, includingarticles by Hechtman [1] , Marley [2] , Azizinamini [3] , Komuro [4] and Yang [5] . These investigations reported the rotational behaviour of the joint and provided a database of ultimate strengths. In comparison, the experimental database for the web angle connection is small. Lipson [6] presented an early experimental study of a single angle connection, and experiments conducted by Hong [7] only recorded the initial behaviour of the web angle connection without any recording of local effects or failure mode. Abolmaali [8] , focusing on cyclic behaviour, investigated the moment-rotational behaviour well into the This manuscript has been published in the proceedings of the Ninth International Conference on Advances in Steel Structures. Hong Kong, China, 5-7, December 2018. DOI: 10.18057/ICASS2018.P.174
This manuscript has been published in the proceedings of the Ninth International Conference on Advances in Steel Structures. Hong Kong, China, 5-7, December 2018. DOI: 10.18057/ICASS2018.P.174 post-ultimate range, observing two failure modes, namely, angle yielding and web bearing failure. Additionally, recent decades have produced a large number of finite element (FE) investigations and mechanical models, which enable the precise prediction of fracture and ultimate load.
For analysis and design purposes, a total of 36 experimental tests were recently carried out on top-and-seat angle joints and web angle joints at the University of Sydney. The tests were continued well into the post-ultimate range, thus producing the full-range action-deformation behaviour of the two types of joints. Additionally, multiple tests on nominally identical connections were conducted to provide statistical information about the variability of joint stiffness and strength for both types of joints.
The principal aim of this paper is to present the experimental results, notably the load vs deformation relationships, ultimate strengths and failure modes. The experimental results enable validation of numerical models and lay the foundation for deriving accurate design models for determining the full-range behaviour of top-and-seat angle joints and web angle joints, including initial stiffness, ultimate load and ductility. The statistical data for joint stiffness and strength is required for the systems reliability analysis of complete steel frames, considering the effect of randomness of both members and joints. Thirty-six tests were carried out to investigate the full-range moment-rotation behavior of top-and-seat angle and web angle connections. Two different geometric configurations with different beam sizes, namely 360UB56.7 and 460UB82.1 for the web-angle connection, and 360UB56.7 and 530UB92.4 for the top-and-seat angle connection, were tested for each type of joint. Each configuration was subjected to three loading scenarios, i.e. bending moment only, combined bending moment and compression force, and combined bending moment and tension force. The columns used in all experiments were 250UC89.5. The length of the columns between the centers of the pinned supports was 1200mm, whilst the length of the beams between the loading point and the edge facing the column was 1000mm. The angle brackets used for the top-and-seat angle connection and the web angle connection were made of 125x125x8EA and 100x100x8, respectively. The bolts used for the top-and-seat angle connection and the web angle connection were M24(10.9) and M20(10.9) bolts, respectively. The strength of the bolts was sufficient to transmit the applied loads beyond the ultimate capacity, thus avoiding catastrophic bolt failure without noticeable deformation. The geometric details of the different joint geometries are shown in Figure 1 . The nominally identical specimens were designed (5 for bending, 2 for combined bending and compression force and 2 for combined bending and tension force per configuration) so as to determine the uncertainties in joint properties due to imperfections in fabrication, implying a total of 18 tests for either type of joint, and a total of 36 joint tests.
DESCRIPTION OF EXPERIMENTAL PROGRAM

Test specimens
Test set-up
As shown in Figure 2 , the test setup consisted of six main components; namely, a base beam, two supports, a triangular frame, a pair of loading arms, a hydraulic jack and an out-of-plane bracing frame. The base beam had a length of 5.5m and was made of a welded section 400WC181 with web stiffeners to increase the local stiffness and stability. Although the test set-up was a self-equilibrating system, the base was bolted to the strong floor for security reasons, primarily to avoid out-of-plane overturning. The supports were bolted to the base at their bottom surfaces. One support had circular holes on the side plates while the other had horizontally extended (slotted) holes. Therefore, when the column of the specimen was connected to the supports, the supports effectively ensured simply supported conditions at the column ends. The end of the beam was loaded with a hydraulic jack through the loading arm, which was connected to the beam end using a pin. The triangular frame was made of rectangular hollow section 250x250x8.0 with C450L0 Grade steel. The out-of-plane bracing frame was adopted to provide lateral support for the loading arm.
In all tests, the load was transferred to the beam using a loading arm. The loading arm was connected to an end-plate bolted to the load cell and a beam sleeve using two high-strength stainless steel circular pins (53mm diameter) with smooth surfaces, thus allowing free rotation on both sides. In addition, column sleeves and supports were connected using the same type of stainless steel pins, which guaranteed pinned conditions at the column ends as well.
Instrumentation
Loads applied to the beams were measured using a load cell connected to the hydraulic jack. Rotations, including the rotation of the loading arm and rotations of three points along the beam, were measured directly using inclinometers attached to the web surface of the beam. In order to determine the column rotation, two transducers (LVDTs) were placed perpendicular to the column flange connected to the beam. The relative beam-to-column rotation was calculated as the difference between the column rotation and the beam rotation measured by the inclinometer attached to the bottom part of the beam. Additionally, one transducer with 200mm travel was used to measure the horizontal displacement of the beam at mid-height to provide a comparison with the beam rotations measured using inclinometers. Besides, several LVDTs, depending on the type of joint, were utilised to monitor the deflection at crucial points. All data were recorded at 1 sec intervals.
A Dantec digital image correlation (DIC) system was applied in the experiments to monitor the deformation of one of the angle brackets. Images were captured by an externally triggered camera with an interval of 5 seconds throughout the loading process. By processing the images using Dantec software, the deformation of the angle bracket could be digitalised and quantitatively analysed.
Testing procedure
All specimens were tested following the same procedure. Specimens were assembled on-site prior to being installed in the test rig. The specimens were aligned to the loading system using round stainless steel pins, followed by the installation of instrumentation.
For all tests, the beam was loaded in displacement-control mode using a loading rate of 1 mm/min up to when the first fracture occurred, usually associated with a dramatic drop in load. Subsequently, the loading rate was increased to 10 mm/min till the complete failure of the joint.
In the combined bending and axial load tests, the axial force was realized by adjusting the height of the supports and placing the specimen inclined, see Figure 3 . By keeping the applied load horizontal, a tension or compression axial force could be applied by pushing or pulling, as appropriate. 
Material properties
Tensile coupon tests were undertaken in accordance with AS1391 [9] to obtain the material properties of the test sections, including 100x100x8EA, 125x125x8EA, both flanges and web of 250UC89.5, both flanges and web of 360UB56.7, web of 460UB82.1 and flange of 530UB92.4. The test sections were produced using Grade 300 steel to AS/NZS3679.1 [10] . All tensile coupons were manufactured according to the specifications in AS1391. According to Huang & Young [11] , stress relaxation causes a 5%-8% drop of stress in the inelastic range of the test. Hence, in order to obtain the static material properties, the test was paused for 100s every 10-15 mins after the commencement of yielding. For each section, two coupons were tested and averages taken to determine the material properties. The material properties are summarized in Table 1 . Sample stress-strain curves are shown in Figure 4 . Figure 4 : Sample stress-strain curves for tested sections
Joints tests results
The bending moment, M , acting at the intersection between the centerlines of the beam and column is calculated based on the measurements of the load cell and inclinometers at the loading point of beam and loading arm, as follows:
where α is the angle of inclination of column relative to the horizon (α = 0̊ for horizontal loading and α = 19̊ for inclined loading), θBeam_Top is the rotation measured by the inclinometer attached to the loading point of beam, θLA is the rotation measured by the inclinometer attached to the surface of loading arm, PLoad is the load measured by the load cell, and LBeam is the effective beam length which equals to 1140mm and 1150mm for top-and-seat angle connections and web angle connections, respectively.
Similarly, the axial force can be determined as: (3) where the rotation of the column is determined by using two LVDTs placed perpendicular to the column flange, assuming the column rotates as a rigid body between these two LVDTs, 
where CWT and CWC correspond to the vertical deflections measured by LVDTs on the tension and compression sides respectively, and z is the horizontal distance between these two points.
A brief summary of the test results, including the peak moment and corresponding rotation, maximum axial force and ductility are presented in Table 2 . The specimen labels follow the nomenclature of X-B-LS-No., in which X represents connection type (TSA indicates a top-andseat angle connection and WA indicates a web angle connection), B represents the typical beam type, LS represents the loading (HL indicates horizontal loading, IL[C] indicates inclined loading with compression induced in the beam, IL[T] indicates inclined loading with tension induced in the beam), and No. represents a sequential identifier used to distinguish nominally identical test specimens. For example, TSA-360-HL-1 represents the first top-and-seat angle joint test for which the connection was assembled using a 360UB56.7 beam and was subjected to horizontal loading. The moment-rotation and axial force-rotation curves for a selection of typical tests are shown in Figure 4 . 
Top-and-seat angle connection
The initial moment-rotation response was stiff and comparatively linear until the applied load caused slip between the abutting surfaces of the angle bracket and the beam flange, as shown in Figures 4(a-b) . In some tests, slip was followed by a load plateau during which the random clearances between bolts and bolt holes were gradually eliminated. Once bearing was established between bolts and edges of bolt holes, the joint could support increased loading, leading to increased stiffness and increased moment as the applied load increased. The increase in stiffness resulted from the gradual straightening of the angle bracket supporting tension, which enabled the tension force to be increasingly transferred through catenary action. As the bending deformation of the angle bracket and the tensile catenary force increased, fissures were eventually observed near the ultimate load at the heel of the top angle, where there was a change of thickness. It was observed that the initial cracks occurred along the bolt line rather than at the centerline of the angle, as shown in Figure 6 (a). The stiffness of the joint dropped gradually as the initial cracks grew towards the edge, see Figure 6 (b). When the two cracks finally joined together ( Figure 6(c) ) and subsequently formed a single continuous crack ( Figure 6(d) ), the load dropped instantly to zero, implying that the connection had completely failed and could not withstand any further load.
(a) (b) (c) (d) Figure 6 In Eurocode 3 [12] , top-and-seat angle connections are categorised as semi-rigid connections which can resist a limited level of bending moment governed by the yielding of the top angle. However, the experimental moment resisting capacity was found to be approximately six times higher than the design moment resistance calculated according to the Eurocode 3 provisions. Hence, the Eurocode 3 prediction of the moment resisting capacity of top-and-seat angle connections is overly conservative.
In the inclined loading tests, which involved applied compressive and tensile axial forces in addition to those resulting from beam deformations, different ultimate moment capacities and ductilities were observed, whereas the initial stiffness values were roughly similar for all tests of the same type of connection.
Web angle connection
The moment-rotation curves of the web angle connection tests are highly irregular with distinct phases, each displaying different behaviour, as shown in Figures 4(c-d) . The initial range up to bolt slippage is short with substantial variation in slip load. A short load plateau is followed by a nonlinear range with gradual yielding of the angle brackets and associated decreasing stiffness. In this part of the test, the top part of the angle brackets was in tension and the bottom part in compression. At a rotation of approximately 140mrad, the compression flange of the beam came into contact with the face of the column. At this point, the applied moment and the joint stiffness increased dramatically because of the larger lever arm between the parts of the connection transferring compression and tension. As the load was further increased, similar to the crack growth pattern of the top-and-seat angle connection tests, fissures were observed near the heel of the angle segment aligning with the top bolt row. The subsequent crack propagation towards the edge of the angle bracket was associated with a significant reduction in stiffness and the ultimate load was reached soon after. This mode of failure is referred to as "angle bracket progressive fracture" in Table 2 . Other failure modes, namely beam web bearing and beam web tear-out, were also observed in WA-360 test series, as shown in Figure 5 .
Digital image correlation (DIC)
A DIC system was used to monitor the full-range behavior of critical angle brackets. By analysing the captured images (see Figure 7 ), displacements and strains at each point on the monitored surface could be plotted against time (see Figure 7) , thus providing data suitable for the calibration of numerical finite element models. 
CONCLUSION
The experimental investigation described in this paper covers a total of 36 tests on top-andseat angle connections and web angle connections. The ultimate capacities and failure modes of all tests have been summarised and the complete set of full-range moment-rotation and axialrotation curves have been presented.
The experimental observations demonstrated that axial forces applied to the connection in addition to bending moment played an important role for the top-and-seat angle connection and the web angle connection so that the influence of axial force cannot be neglected when determining the ultimate capacity.
The Eurocode 3 provisions for determining the moment-resisting capacity were shown to be overly conservative compared to the test strengths when applied to the top-and-seat angle connection.
